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Abstract
We explore detection prospects of a non-standard dark sector in the context of boosted dark
matter. We focus on a scenario with two dark matter particles of a large mass difference, where the
heavier candidate is secluded and interacts with the standard model particles only at loops, escaping
existing direct and indirect detection bounds. Yet its pair annihilation in the galactic center or in
the Sun may produce boosted stable particles, which could be detected as visible Cherenkov light
in large volume neutrino detectors. In such models with multiple candidates, self-interaction of
dark matter particles is naturally utilized in the assisted freeze-out mechanism and is corroborated
by various cosmological studies such as N-body simulations of structure formation, observations
of dwarf galaxies, and the small scale problem. We show that self-interaction of the secluded
(heavier) dark matter greatly enhances the capture rate in the Sun and results in promising signals
at current and future experiments. We perform a detailed analysis of the boosted dark matter
events for Super-Kamiokande, Hyper-Kamiokande and PINGU, including notable effects such as
evaporation due to self-interaction and energy loss in the Sun.
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I. INTRODUCTION
Dark matter (DM) is one of the most profound mysteries in particle physics and cosmol-
ogy. Recent observations show that 25% of our universe is made up of dark matter, yet we
know very little about its nature and properties. Especially its microscopic nature such as
its stabilizing mechanism, spin and mass, necessitates a balanced program based on various
dark matter searches [1].
Among a myriad of possibilities, scenarios with multiple dark matter particles are well
motivated and their implications have been studied at different scales from the large in cos-
mology to the small at the Large Hadron Collider (LHC) at CERN [2]. Several issues have
been especially investigated on the cosmological side in the context of multiple dark matter
candidates. While N-body simulations of structure formation based on cold dark matter
(CDM) present a steep cusp density profile [3], observations of dwarf galaxies indicate a
cored density profile rather than a cusped one [4] (so-called the “core vs cusp problem”).
Simulations also predict that CDM evolves to very dense subhalos of Milky Way type galax-
ies, which can not host the brightest satellites, but it would be hard to miss the observation
of these substructures (known as the “too big to fail problem”) [5]. Warm dark matter has
been proposed as a solution to the small scale conflict between the observations and the
simulations with CDM, since it is expected to develop shallower density profiles at a small
scale and would avoid unreasonably dense subhalos [6].
Self-interacting DM (SIDM) has been suggested as another interesting solution to those
small scale problems [7]. Cosmological simulations with SIDM [8] show that SIDM with the
ratio of the DM self-interaction cross section to the DM mass σχχ/mχ ∼ O(0.1 − 1 cm2/g)
can reconcile the inconsistency between simulations and observations at a small scale, while
it does not modify the CDM behavior at a large scale. Analysis of the matter distribution of
the Bullet Cluster [9] provides the most robust constraint on SIDM, σχχ/mχ < 1.25 cm
2/g.
Another analysis based on the kinematics of dwarf spheroidals [10] shows that SIDM resolves
the small scale conflicts of CDM only when σχχ/mχ & 0.1 cm2/g.
In this paper, we investigate detection prospects of two-component dark matter at large
volume neutrino detectors. We focus on a scenario with a relatively large mass gap between
the two components, where the heavier candidate interacts with the standard model (SM)
particles only at loops. Its sister (the light one) is assumed to have interactions with both
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the heavier counterpart and the standard model particles. If the heavier dark matter is
dominant in our current universe, the dark sector with such candidates is secluded and all
current direct and indirect bounds are evaded. Although the light dark matter particles are
subdominant, they may be produced via the annihilation of the heavy sisters with a large
boost due to the large mass difference. A boosted DM arises in various multi-component DM
scenarios such as semi-annihilation ψiψj → ψkφ [11, 12], assisted freeze-out ψiψi → ψjψj [13],
and decay ψi → ψj +φ. Recently a possibility of detecting a boosted dark matter particle in
large volume neutrino telescopes has been examined [14–16]. In Ref. [15], the heavier DM
annihilates in the center of the galaxy, and its pair annihilation products travel to the Earth
and leave Cherenkov light in the detector via a neutral current-like interaction, which points
toward the galactic center (GC). Detection of boosted dark matter from the Sun has been
studied in Ref. [16], where a search for proton tracks pointing toward the Sun is proposed
in a different model.
We explore detection prospects of boosted dark matter from the Sun in the presence of
self-interaction of the heavier component, which is well motivated by various cosmological
studies as mentioned earlier. We include important effects that are neglected in literature
such as evaporation of the dark matter and energy loss during traveling from the core to the
surface of the Sun. As a concrete example, we consider a model that was studied in Ref.
[15], which is revisited in Section II. A detailed calculation of the boosted dark matter flux
is outlined in Section III, and detection prospects in Section IV. We focus on the discovery
potential at Super-Kamiokande(Super-K), Hyper-Kamiokande(Hyper-K), and PINGU.
II. BOOSTED DARK MATTER IN ASSISTED FREEZE-OUT
In this section, we present an explicit example of a model with two-component DM in
order to discuss detection prospects of boosted DM from the Sun. We choose the model
studied in Ref. [15] based on the assisted freeze-out mechanism [13]. Additionally we in-
troduce DM self-interaction preferred by cosmological simulations and observations for the
heavier constituent of the two DM components. We only briefly summarize the key points
of our bench mark model and refer to Ref. [15] for details on the model.
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FIG. 1: Diagrams for (a) self-interaction of the heavier DM ψA, (b) production of the boosted
DM ψB from the annihilation of ψA, and (c) elastic scattering of ψB off an electron.
A. Basic set-up
We consider the case where ψA and ψB are two stable DM candidate particles with masses
mA > mB. This can be achieved with separate symmetries, for example, U(1)
′ ⊗U(1)′′ [13]
or Z2⊗Z ′2 [15]. We assume that two DM species, ψA and ψB interact via a contact operator,
LAB = 1
Λ2
ψAψBψBψA , (1)
and that ψA can only annihilate into ψB and not directly into SM particles. Moreover, the
heavier component ψA is the dominant DM constituent in the universe. The boosted DM
ψB is currently produced via the contact interaction Eq. (1). We additionally allow a self-
interaction for ψA in the range of 0.1 cm
2/g < σAA/mA < 1.25 cm
2/g (Figure 1(a)), favored
by simulations and observations [7–10].
The particle ψB is charged under a hidden U(1)X gauge symmetry, with a charge Q
B
X = 1
for simplicity, which is spontaneously broken leading to the gauge boson mass mX . In
addition, a mass hierarchy, mA > mB > mX is assumed. The gauge coupling of U(1)X , gX
will be taken to be large enough, e.g. gX = 0.5, so that the thermal relic density of ψB is
small due to the large annihilation cross section of the process ψBψB → XX. We assume
that the DM sector couples to the SM sector only through a kinetic mixing between U(1)X
and U(1)EM (originally U(1)Y ) [17, 18],
1
L ⊃ −1
2
sin XµνF
µν . (2)
Thus, ψB can scatter off SM particles via a t−channel X boson exchange.
1 One can find a general and detailed analysis on a hidden sector DM and the kinetic mixing in Ref. [18].
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This model can be described by a set of seven parameters:
{mA,mB,mX ,Λ, gX , , σAA} , (3)
where Λ will be appropriately taken in our analysis to obtain the required DM relic density,
ΩA ' ΩDM ≈ 0.2, as done in Ref. [15]. In all the interactions between DM and SM particles,
gX and  always appear as a simple combination, (gX · ). As a result, our analysis will
mainly rely on five parameters, {mA,mB,mX , gX · , σAA}. For easier comparison, we choose
the same benchmark scenario as in Ref. [15], except for ,
mA = 20 GeV, mB = 0.2 GeV, mX = 20 MeV, gX = 0.5, and  = 10
−4 . (4)
However, we choose  = 10−4, instead of 10−3 chosen as a reference value in Ref. [15],
for boosted ψB to avoid too much energy loss during traversing the Sun as explained in
Section III D.  = 10−4 is well consistent with current limits on a hidden X gauge boson (or
a dark photon),  . O(10−3) for mX & 10 MeV [19].
B. Relic abundance and scattering cross sections
A set of coupled Boltzmann equations describes the evolution of the relic density of two
DM particles, ψA and ψB, in the assisted freeze-out mechanism [13, 15, 20].
2 The annihilation
process ψAψA → ψBψB (Figure 1(b)) determines the thermal relic abundance of ψA as well
as the production rate of boosted ψB in the current universe. The annihilation cross section
for the process is obtained as
〈σAA→BB v〉 '
1
8piΛ4
(mA +mB)
2
√
1− m
2
B
m2A
+ O(v2) (5)
from the contact operator in Eq. (1). In the limit 〈σBB→XX v〉  〈σAA→BB v〉, the relic
abundance of ψA is given by [15]
ΩA ' 0.2
(
5× 10−26 cm3/s
〈σAA→BB v〉
)
. (6)
Indeed, 〈σBB→XX v〉  〈σAA→BB v〉 corresponds to the case that we are interested in, and
thus the abundance of ψA dominates over that of ψB. In our numerical analysis, we will set
〈σAA→BB v〉 ' 5× 10−26 cm3/s.
2 See Ref. [13] for a numerical analysis and Ref. [15] for more details on analytic estimates.
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The lighter component ψB can scatter off SM particles via a t−channel X boson exchange
through the kinetic mixing as shown in Eq. (2). However, we cannot detect signals from
scattering off nuclei by the thermal relic ψB in dark matter direct detection experiments due
to its tiny abundance, e.g., ΩB ≈ O(10−7− 10−6) for the benchmark scenario in Eq. (4). As
shown in Ref. [15], the boosted ψB from the process ψAψA → ψBψB might be detected at
a large volume neutrino detector through its elastic scattering off electrons, ψBe
− → ψBe−
(Figure 1(c)). The minimum detectable scattered electron energy is set by the threshold
energy of each experiment, Emine = E
th
e , and the maximum energy is given by
Emaxe = me
(EB +me)
2 + E2B −m2B
(EB +me)2 − E2B +m2B
, (7)
where EB is the energy of the boosted ψB before its collision with a target electron. The
differential cross section for the process ψBe
− → ψBe− is given by
dσBe−→Be−
dt
=
1
8pi
(egX)
2
(t−m2X)2
8E2Bm
2
e + t(t+ 2s)
s2 +m4e +m
4
B − 2sm2e − 2sm2B − 2m2em2B
, (8)
where s = m2B +m
2
e + 2EBme and t = 2me(me − Ee).
The heavier DM ψA can interact with the SM sector via a ψB loop even though ψA has
no direct coupling to the SM sector. The ψA-nucleon scattering cross section is
σA−nucleon =
µ2A−p(Ze)
2
piA2
t2
(t−m2X)2
[
gX
48pi2
log(m2B/(λΛ)
2)
Λ2
]2
, (9)
where µA−p is the ψA-nucleon reduced mass, A and Z denote the atomic mass and the proton
number of a target nucleus, t = −2mNER with the nucleus mass mN and the nucleus recoil
energy ER, λ is a hidden sector Yukawa coupling of order unity, and Λ is determined by
〈σAA→BB v〉 ' 5× 10−26 cm3/s [15]. The cross section σA−nucleon is suppressed by the small
 parameter and one-loop factor, and thus the direct detection of the relic ψA is almost
impossible even in a future DM direct detection experiment, e.g. XENON1T. However,
even this small cross section will contribute to the accumulation of ψA in the Sun.
III. BOOSTED DARK MATTER FLUX FROM THE SUN
In this section, we briefly review the evolution of the DM (ψA) number in the Sun, and
calculate the boosted DM (ψB) flux from the annihilation of the heavier DM component
(ψA). The DM capture in the Sun via the collisions between DM and nuclei was examined in
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Refs. [21, 22]. Subsequent studies discussed several important effects such as evaporation for
a relatively light DM (mDM . 3-5 GeV) [23, 24] and enhancement of the DM accumulation
due to self-interaction [26, 35]. Such a DM self-interaction has been proposed to alleviate
the small scale structure problems of simulations with collisionless CDM [7]. It has been
shown that the self-interaction also participates in the evaporation process reducing the DM
number [27].
A. Evolution of dark matter in the Sun
The time evolution of the DM number Nχ in the Sun is described by the following
differential equation [27]
dNχ
dt
= Cc + (Cs − Ce)Nχ − (Ca + Cse)N2χ , (10)
where Cc is the DM capture rate by the Sun, Cs is the DM self-capture rate, Ce is the DM
evaporation rate due to DM-nuclei interactions, Ca is the DM annihilation rate, and Cse is
the evaporation rate due to DM self-interaction. In our analysis, we assume that the DM
and nuclei inside the Sun follow a thermal distribution, and thus use numerical data on the
solar model such as mass density ρ(r), temperature T (r), and mass fraction of the atom i,
Xi(r) inside the Sun given in Ref. [28].
If a DM particle interacts with nuclei, it loses its kinetic energy during traveling inside the
Sun. The DM particle is gravitationally captured when its final velocity after the collision
with nuclei is smaller than the escape velocity vesc(r) from the Sun. The number of DM
particles in the Sun increases through this capture process. The DM capture rate in the Sun
Cc has been investigated in Refs. [24, 29, 30]. In our study, we use the numerical results
from Ref. [24] (mχ . 10 GeV) and Ref. [29] (mχ & 10 GeV). For more details on the exact
calculation, see Refs. [24, 30].
The coefficient Ca describes the annihilation of two DM particles trapped inside the Sun,
which has been well studied in Refs. [21, 22]. Based on the exact numerical calculation,
Refs. [24, 30] provided fitting functions: the former is valid in the range 0.1 GeV . mχ .
10 GeV and the latter for mχ & a few GeV. We adopt the fitting functions from Ref. [24]
(mχ . 10 GeV) and Refs. [30] (mχ & 10 GeV).
A captured DM particle could scatter off energetic nuclei and escape from the Sun when
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its velocity after the scattering is larger than the local escape velocity vesc(r), which is
generally called the evaporation process [22, 23]. The basic idea of evaporation is the same
as capture. The main difference is whether the final velocity is smaller (for capture) or larger
(for evaporation) than the escape velocity vesc(r). The evaporation rate Ce is effective only
for a low DM mass, mχ . 5 GeV and completely negligible for heavier DM masses. For the
evaporation rate, the fitting functions to the numerical results given in Ref. [24] are used in
our analysis. For more details on the calculation of Ce, see Refs. [23, 24].
Self-interactions of DM will also affect its capture and evaporation processes inside the
Sun. The Cs is the self-capture rate by scattering off other DM particles that have already
been trapped within the Sun. In this DM-DM scattering, a target DM particle that obtains
too much kinetic energy will be ejected from the Sun, which results in no net accumulation
of DM particles unlike the capture by collision with nuclei. However, the escape velocity
from the interior of the Sun is at least two times larger than the typical velocity of a galactic
DM particle. Thus, the ejection of a target DM particle via the DM-DM collision results in
a tiny correction to the typical DM self-capture rate in the Sun [35]
Cs =
√
3
2
nχσχχvesc(R)
vesc(R)
v
〈φ̂χ〉 erf(η)
η
, (11)
where nχ is the local number density of galactic DM, σχχ is the self-elastic scattering cross
section of DM, vesc(R) is the escape velocity at the surface of the Sun, 〈φ̂χ〉 is a dimensionless
average solar potential experienced by the captured DM within the Sun, and η2 = 3(v/v)2/2
is a dimensionless variable with the velocity of the Sun v = 220 km/s and the local velocity
dispersion of DM v = 270 km/s. 〈φ̂χ〉 ' 5.1 [31] is generally used in the calculation of Cs,
which however deviates from the commonly used value for smaller DM masses, mχ . 10
GeV. Thus, we numerically calculate 〈φ̂χ〉 for our analysis. The full expression of the self-
capture rate including the small ejection effect of the target DM particle is given in the
Appendix of Ref. [35].
The last coefficient is the self-interaction induced evaporation rate Cse. A DM parti-
cle captured in the Sun can scatter off another captured DM particle through their self-
interaction, which leads to evaporation when one of two colliding DM particles has velocity
greater than the escape velocity vesc(r) after the collision. The authors of Ref. [27] recently
investigated the self-interaction induced evaporation and provided details of the derivation
of Cse in the Appendix of their paper. We numerically calculate Cse based on the analytic
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expression given in the Appendix of Ref. [27]. We assume that the DM temperature is in
thermal equilibrium with the solar temperature following Ref. [27]. Thus, we use the solar
temperature T as the DM temperature Tχ in our calculation.
B. Accumulated dark matter number and annihilation rate
With the initial condition Nχ(0) = 0, the solution to the DM evolution equation, Eq. (10)
is given by [27]
Nχ(t) =
Cc tanh(t/τeq)
τ−1eq − (Cs − Ce) tanh(t/τeq)/2
(12)
with
τeq =
1√
Cc(Ca + Cse) + (Cs − Ce)2/4
, (13)
where the τeq is the time-scale required for the DM number Nχ(t) in the Sun to reach
equilibrium between accumulation by Cc and Cs and dissipation by Ca, Ce, and Cse. Then,
the DM annihilation rate inside the Sun is simply given by
ΓχA =
Ca
2
N2χ . (14)
For the age of the Sun t = t ' 4.6×109 year, we obtain the currently accumulated number
and annihilation rate of DM in the Sun. When the equilibrium state is attained, i.e., t & τeq,
Nχ and Γ
χ
A can be simplified as
N eqχ =
√
Cc
Ca + Cse
(√
R
4
+ 1±
√
R
4
)
(15)
and
ΓχA =
1
2
CcCa
Ca + Cse
(√
R
4
+ 1±
√
R
4
)2
, (16)
where R ≡ (Cs−Ce)2/[Cc(Ca+Cse)] is a dimensionless parameter defined by 5 coefficients in
the DM evolution in Eq. (10), and the positive and negative signs are taken for Cs > Ce and
Cs < Ce, respectively [27]. Using our numerical code, we can obtain the results consistent
with those in Ref. [27].
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FIG. 2: Number of ψA captured inside the Sun as a function of the ψA mass mA for the benchmark
parameters in Eq. (4). Each curve corresponds to No (σAA/mA = 0), Min (σ
min
AA /mA = 0.1 cm
2/g),
and Max (σmaxAA /mA = 1.25 cm
2/g) self-interaction, respectively.
In Figure 2, we present the number of heavy DM ψA captured inside the Sun, N
eq
A , for
the benchmark model parameters as in Eq. (4). Min and Max curves respectively corre-
spond to minimum and maximum values of the self-interaction of ψA in the preferred range,
0.1 cm2/g < σAA/mA < 1.25 cm
2/g [7–10]. In the case of no self-interaction, the amount of
accumulated ψA is quite small since the ψA-nucleon scattering cross section is suppressed as
explained in Section II B. However, the self-interaction of ψA, σAA can significantly enhance
N eqA .
C. Flux of boosted dark matter
The flux of boosted DM ψB from the Sun through the annihilation ψAψA → ψBψB can
be expressed as
dΦSunB
dEB
=
ΓψAA
4piR2Sun
dNB
dEB
, (17)
where RSun is the distance between the Sun and the Earth, Γ
ψA
A is the annihilation rate of
heavy DM ψA in the Sun, and dNB/dEB is the differential energy spectrum of boosted DM
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ψB at the source. The differential spectrum is simply given by
dNB
dEB
= 2δ(EB −mA) , (18)
since the annihilation of heavy DM ψA, ψAψA → ψBψB produces two mono-energetic boosted
ψB’s. The annihilation rate of ψA in the Sun, Γ
ψA
A , is obtained from Eq. (14) (or Eq. (16))
with Eqs. (12) and (13) for t = t. Note that there is no need to consider the line-of-sight
integration in Eq. (17), since the annihilation ψAψA → ψBψB in the Sun provides a point-
like source of the boosted DM ψB. This is different from the case with the boosted DM flux
from the GC as in Ref. [15], where one needs to compute a halo-dependent integral over the
line-of-sight.
D. Energy loss in the Sun
The boosted DM particles ψB produced from the annihilation ψAψA → ψBψB in the Sun
may lose their kinetic energy as they pass through the Sun from their production points
due to the relatively large scattering cross section with electrons, σBe−→Be− and the large
radius of the Sun, R ' 6.96× 1010 cm. The energy loss of the particles during propagation
through matter is well discussed in Ref. [32]. The boosted DM particle propagating through
matter loses its energy dominantly through ionization of atoms, which is very similar to
the energy loss of a heavy charged SM particle [15]. For βγ = p/Mc around the range of
O(10 − 100), the mean rate of energy loss of a muon is ∼ 1 GeV/m inside the Earth and
∼ 0.6 GeV/m inside the Sun. The boosted DM ψB scatters off SM particles via a t−channel
X boson exchange while the muon does via a t−channel photon exchange. Analogous to
Ref. [15], we can easily approximate the required travel length for the ψB to lose 1 GeV of
energy by comparing the couplings and propagator of the ψB− e scattering and those of the
µ− e scattering:
LSunψB ≈ LSunµ
[
2g2X
e2
(
t
t−m2X
)2]−1
, (19)
where t = 2me(me − Ee) and LSunµ ' (100/0.6) cm.
For the benchmark scenario in Eq. (4), we estimate LSunψB ≈ 3 × 1010 (0.5/gX)2(10−4/)2
cm which is about a factor of 2 smaller than R ' 6.96 × 1010 cm. To escape from the
Sun, the boosted DM ψB of the benchmark scenario will lose ∼ 2 GeV of energy on average
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FIG. 3: Required energy for ψB to escape from the Sun as a function of the scattered electron
energy Ee for mX = 20 MeV and 50 MeV. The kinetic mixing and hidden coupling are fixed as
 = 10−4 and gX = 0.5. The purple arrows indicate the E
peak
e and Emaxe values for the benchmark
scenario in Eq. (4).
which corresponds to ∼ 10% of the initial energy of ψB, EiB ' mA = 20 GeV. For the
above estimation, we use Ee = E
peak
e , the electron energy corresponding to the peak of the
recoil electron spectrum which is a reasonable choice since the ψB − e scattering mostly
occurs around the peak energy in the electron recoil spectrum. For comparison, we obtain
LSunψB ≈ 7× 109 (0.5/gX)2(10−4/)2 cm for the most extreme (conservative) case Ee = Emaxe .
In the following section, we will numerically compute the required energy of ψB, ∆E
Sun
B , to
escape from the production point to the surface of the Sun assuming that the travel distance
of ψB inside the Sun is equal to the radius of the Sun, R. In Figure 3, we show ∆ESunB
as a function of the scattered electron energy Ee for two representative cases, mX = 20
MeV (solid red) and 50 MeV (blue dashed). The kinetic mixing and hidden coupling are
taken from the benchmark parameter set in Eq. (4):  = 10−4 and gX = 0.5. As shown
in the Figure, the ∆ESunB becomes smaller for larger mX and smaller Ee, and converges
to ∼ 10 GeV (gX/0.5)2(/10−4)2 when |t|  m2X , i.e., Ee  m2X/me. The ratio between
the energy loss and the initial energy of ψB, ∆E
Sun
B /E
i
B can be larger than 0.1, even O(1),
for a low ψA mass (mA . 10 GeV), i.e. small Ee. Consequently, in our analysis, we use
EfB = E
i
B − ∆ESunB = mA − ∆ESunB as the energy of ψB in a detector and the parameter
12
region for EiB < ∆E
Sun
B is not scanned.
IV. DETECTION OF BOOSTED DARK MATTER
In this section, we discuss detection prospects of boosted DM particles in neutrino de-
tection experiments. Because of the relatively small flux and weak interaction of boosted
DM, large volume experiments such as Super-K, Hyper-K, and PINGU are preferred. Large
volume neutrino experiments have been developed to detect energetic charged particles scat-
tered off from neutrino-matter collisions. Such energetic charged particles (electrons in this
analysis) may be generated through scattering with the boosted DM ψB from the Sun. We
can easily reduce the number of background events with a better angular resolution on the
Cherenkov-emitted electron direction since we are interested in the flux of boosted DM from
a point-like source, the Sun. Thus, an angular resolution of each experiment is very crucial
in this analysis. Moreover, the electron energy Ee shows a peak in its recoil spectrum at
relatively low values due to the t−channel X boson [15]. Thus, Super-K and Hyper-K are
very well fitted experiments to detect the boosted DM flux from the Sun due to their good
angular resolution θres ' 3◦ and low energy threshold Ethe ' 0.01 GeV. Although PINGU
has a higher energy threshold Ethe ' 1 GeV and worse angular resolution θres ' 23◦, it will
be able to have some sensitivity as shown in the following subsections. We will not discuss
IceCube in spite of its very large volume (∼ 103 Mton) due to its high energy threshold,
Ethe > 100 GeV. See Table 1 of Ref. [15] for a summary of relevant neutrino experiments. A
brief discussion on the detection prospects from the Earth is found in Section IV D.
A. Signals
As discussed in Ref. [15], the signal of boosted DM ψB can be detected mainly through
its elastic scattering off electrons, ψBe
− → ψBe−. Unlike the thermal relic ψA around the
GC, the ψA trapped in the Sun becomes a point-like source of boosted DM ψB, and thus we
need no angular-cut, θC . Finally, the number of electron signal events is given by
Nsig = ∆T Ntarget Φ
Sun
B σBe−→Be− (20)
= ∆T
10 ρtarget Vexp
mH2O
2ΓψAA
4piR2Sun
∫ Emaxe
Emine
dEe
dσBe−→Be−
dEe
, (21)
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FIG. 4: Number of signal events per year in Super-K in the (mB, mA) plane for mX = 20 MeV
(top) and 50 MeV (bottom) and No, Min, and Max self-interaction (left to right), respectively. The
kinetic mixing and hidden coupling are fixed as the benchmark parameters in Eq. (4),  = 10−4
and gX = 0.5.
where ∆T is the exposure time of the measurement, Ntarget is the total number of target
electrons, ΦSunB is the boosted DM flux from the Sun, σBe−→Be− is the ψB − e scattering
cross section, and the factor of 10 in the second line is the number of electrons per water
molecule. In order to avoid backgrounds from solar neutrinos [28] and muons, we use a
minimum energy-cut Emine = 0.1 GeV instead of E
th
e ' 0.01 GeV for Super-K and Hyper-K
following Ref. [15] while Emine = E
th
e ' 1 GeV is enough for PINGU.
In Figures 4, 5, and 6, we show the number of signal events per year in the (mB, mA)
plane for three experiments: Super-K, Hyper-K, and PINGU, respectively. For each Figure,
we use benchmark values: mX = 20 MeV (top) and 50 MeV (bottom) and No (only for
Super-K), Min, and Max self-interaction (left to right). The kinetic mixing and hidden
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FIG. 5: Same as in Figure 4 for Min (left) and Max (right) self-interaction, but for Hyper-K.
coupling are fixed as the benchmark values in Eq. (4),  = 10−4 and gX = 0.5. Naturally
we can detect more signal events in an experiment with a larger volume and a lower Ethe ,
and also for stronger interactions of DM particles. In the Figures, for the signal number
contours the left-edge is set by the condition mB > mX , the top-edge is by the DM number
density ∝ 1/mDM, the right-diagonal-edge is by Emaxe > Emine which is approximated as
mA > 10 (30) ×mB for Super-K/Hyper-K (PINGU), and the bottom-edge is by the rapid
drop in the accumulated number of DM particles inside the Sun for mDM . 3 GeV (see
Figure 2) due to the very active evaporation effects.
In Figure 7, we present results for the case when we use the maximum energy loss of
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FIG. 6: Same as in Figure 4 for Min (left) and Max (right) self-interaction, but for PINGU.
boosted ψB in the Sun, ∆E
Sun
B , by taking the most extreme case Ee = E
max
e as explained in
Section III D. In this case, the boosted ψB loses more kinetic energy, ≈ several GeV, than
Ee = E
peak
e as shown in Figure 3, which is the origin of the deficit of signal events in a low
mA region compared to Figure 4, while there is almost no change in a higher mA region
since EiB = mA  ∆ESunB . For mBGeV & 110
√
mA
GeV
,3 Emaxe drops rapidly and ∆E
Sun
B decreases,
and consequently the deficit of signals becomes dimmer.
3 This condition can be easily numerically checked from Eq. (7).
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FIG. 7: Same as in Figure 4 for Min (left) and Max (right) self-interaction, but Ee = E
max
e is used
for the energy loss in the Sun.
B. Backgrounds
The dominant backgrounds for the boosted DM signal originate from the charged cur-
rent interaction of atmospheric neutrinos, i.e., νen → e−p. Super-K has measured the
atmospheric neutrino backgrounds for 10.7 years [36]. In total, 7,755 single-ring zero-decay
electron events and 2,105 single-ring electron events have been detected in the energy range
of (0.1 GeV − 1.3 GeV) and (1.33 GeV − 100 GeV), respectively. For Super-K and Hyper-K,
we use all 9,860 events, in the range of (0.1 GeV − 100 GeV) as conservative backgrounds
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although higher energy background events are less relevant to ψB from a lighter mass of ψA
which produces a less energetic event. Thus, we have a yearly background event rate:
NBG
∆T
= 922/year
(
Vexp
2.24× 104 m3
)
, (22)
where Vexp is the volume of the detector. For PINGU, we use all the events including multi-
ring and µ-like events in the (1.33 GeV − 100 GeV) energy range due to a higher Ethe and
a poor reconstruction efficiency of the Cherenkov rings [15]. After rescaling by the effective
detector volume of PINGU, 5× 105 m3, we obtain a background rate of 14,100/year.
The boosted DM flux comes from a point-like source, the Sun, while the atmospheric
neutrino backgrounds are almost uniform in the entire sky. Thus, the background reduction
is governed by the angular resolution of each experiment:
N θresBG =
1− cos θres
2
NBG . (23)
For experiments that we consider, a yearly background event rate is reduced as follows.
Super−K : N
3◦
BG
∆T
= 0.63/year , (24)
Hyper−K : N
3◦
BG
∆T
= 15.8/year , (25)
PINGU :
N23
◦
BG
∆T
= 562/year . (26)
C. Detection prospects
In Figure 8, we present sensitivity curves at the 2σ level for the 10.7 years of running
period with the definition of the signal significance (S),
Sθres ≡ Nsig√
N θresBG
, (27)
where θres is the angular resolution of each experiment in the Cherenkov-emitted electron
direction. Note that the number of signal events, Nsig, is independent of θres. While the 2σ
sensitivity curve for Super-K is obtained based on the 10.7 years of Super-K data, those for
Hyper-K and PINGU are estimated assuming the same running time for the convenience of
comparison. PINGU can detect more signal events than Super-K as shown in Figures 4 and
6, but will be able to cover a smaller parameter region due to its poorer angular resolution.
Thus, Hyper-K is currently the best experiment to find the boosted DM flux from the Sun
due to its larger volume, even though it has the same angular resolution as Super-K.
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FIG. 8: 2σ sensitivities with 10.7 years of data at Super-K (SK), Hyper-K (HK), and PINGU in
the (mB, mA) plane for mX = 20 MeV (top) and 50 MeV (bottom), and Min (left) and Max
(right) self-interaction, respectively.
D. Detection of boosted dark matter from the Earth
Finally we would like to comment on the detection prospects of boosted DM ψB from the
Earth. As shown in Section 9.4 of Ref. [33], the ratio between the capture rates in the Sun
and Earth is given by
CEarthc /C
Sun
c ≈ 10−9 , (28)
due to the much smaller mass (M⊕/M ≈ 3 × 10−6) and escape velocity (v⊕esc/vesc ≈ 10−2)
of the Earth. In the case of no self-interaction and no evaporation, the boosted DM flux is
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simply proportional to Cc/R
2 where R is the distance between a detector and a source of
the boosted DM. For the Earth, very tiny capture rates CEarthc can be compensated by the
smaller distance from the source of the boosted DM. In the absence of self-interaction and
evaporation, we find
ΦEarthB
ΦSunB
≈ C
Earth
c
CSunc
R2Sun
R2⊕
≈ 0.5 , (29)
where RSun ' 1.5×108 km is the distance between the Sun and the Earth and R⊕ ' 6.4×103
km is the radius of the Earth. The evaporation effect is efficient only for a very low DM
mass mDM < 3− 4 GeV for the Sun, whereas it is important up to mDM . 12 GeV for the
Earth due to the much smaller escape velocity of the Earth [22, 23, 34].
The DM self-capture rate Cs is proportional to Nχ (see Eq. (11)), and the seed of Nχ is
determined by Cc since Nχ(0) = 0. A smaller Cc therefore induces a smaller Cs, and conse-
quently, self-capture is negligible for the Earth [35] since CEarthc /C
Sun
c ≈ 10−9. In summary,
without self-interactions, ΦEarthB could be comparable to ∼ 0.5 ΦSunB or less depending on
mDM. However, with self-interactions, Φ
Earth
B is much smaller than Φ
Sun
B since self-capture is
negligible for the Earth, while it enhances the flux significantly in the Sun.
Moreover the Earth is not a point-like source due to the short distance from the source
unlike the Sun. Even if we consider only the inner core of the Earth, REarthin−core ≈ 1.2×103 km,
we should integrate over a ∼ 34◦ cone around the center of the Earth. Thus, the background
events by atmospheric neutrinos are governed by θ ' 34◦ instead of the angular resolution
of each experiment θres. Especially for Super-K and Hyper-K with θres ' 3◦, we have ∼ 125
times larger backgrounds events for the boosted DM flux from the Earth compared to the
analysis for the Sun. Even for the case of ΦEarthB ≈ ΦSunB , the final signal significance S for
the Earth signals is therefore much less than that for the solar signals.
V. CONCLUSION
The current paradigm of CDM is extremely successful in explaining much of cosmological
and astronomical data. However there still exist several questions including the missing
satellite problem, the core/cusp problem, issues in substructure, and the too-big-to-fail
problem. Self-interacting multi-component dark matter provides profound insight into these
problems and hence it is imperative to consider detection prospects of such scenarios.
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In this paper, we have investigated the discovery potential of the boosted DM flux from
the Sun in large volume neutrino experiments such as Super-K, Hyper-K, and PINGU. We
considered a model in Ref. [15] and additionally introduced self-interaction to the heavier
secluded DM. The heavier DM particle ψA is thermalized with the assistance of the other DM
ψB, i.e. through the assisted freeze-out mechanism [13]. The ψA can be effectively captured
in the Sun due to its self-interaction in the range favored by cosmological simulations and
measurements. The accumulated dark matter then annihilates to the lighter sister with a
large Lorentz boost. In a large volume neutrino detector, the boosted dark matter can be
probed by measuring electrons via elastic scattering with the ψB from the Sun. Certainly
a detector with a larger volume and lower electron energy threshold Ethe performs better.
Improvement on angular resolution at future experiments is crucial in detecting boosted dark
matter from the Sun, as atmospheric neutrino backgrounds do not exhibit any directionality
and can be efficiently reduced for a point-like source, the Sun, in contrast to the the galactic
center region.
Searches for the signals by the boosted DM fluxes from the Sun (this study) and the GC
(Ref. [15]) are complementary, since the parameter space that is accessible to one is not
accessible to the other. There are two main complementary effects. First, for the GC signal
the value of  needs to be higher,  ∼ 10−3, to overcome the small flux, while for the solar
signal  needs to be smaller,  ∼ 10−4, to reduce the energy loss inside the Sun. Second,
without DM self-interactions one prefers an NFW-like cusp DM halo profiles to enhance the
GC signal, whereas with DM self-interactions a more cored profile to relatively suppress the
GC signal and allow the solar signal. Thus, searches for both signals from the GC and the
Sun should be conducted at the same time.
Note added: Near completion of this study, we have noticed that a related study, Ref.
[16] was submitted to arXiv.org. We have used a different reference model and focused on
implications of self-interaction in the context of the boosted dark matter from the Sun.
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